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Abstract
HRG4(UNC119) is a photoreceptor protein predominantly localized to the photoreceptor synapses
and to the inner segments to a lesser degree. A heterozygous truncation mutation in HRG4 was found
in a patient with late onset cone-rod dystrophy, and a transgenic (TG) mouse expressing the identical
mutant protein developed late onset retinal degeneration, confirming the pathogenic potential of
HRG4. Recently, the dominant negative pathogenic mechanism in the TG model was shown to
involve increased affinity of the truncated mutant HRG4 for its target, ARL2, which leads to a delayed
decrease in its downstream target, mitochondrial ANT1, mitochondrial stress, synaptic degeneration,
trans-synaptic degeneration, and whole photoreceptor degeneration by apoptosis. In this study, the
mouse HRG4 (MRG4) gene was cloned and targeted to construct a knock-out (KO) mouse model
of HRG4 in order to study the effects of completely inactivating this protein. The KO model was
examined by genomic Southern blotting, western blotting, immunofluorescence, funduscopy, LM
and EM histopathology, ERG, and TUNEL analyses. The KO model developed a slowly progressive
retinal degeneration, characterized by mottling in the fundus, mild thinning of the photoreceptor
layer, and increase in apoptosis as early as 6 months, dramatic acceleration at ~17 months, and virtual
obliteration of the photoreceptors by 20 months. When compared to retinal degeneration in the TG
model, significant differences existed in the KO consisting of more severe and early photoreceptor
death without evidence of early synaptic and trans-synaptic degeneration as seen in the TG, confirmed
by LM and EM histopathology, ERG, and western blotting of synaptic proteins. The results indicated
a dysfunction in the KO outside the synapses in the distal end of photoreceptors where MRG4 is also
localized. Differences in the phenotypes of retinal degeneration in the KO and TG models reflect a
dysfunction in the two opposite ends of photoreceptors, i.e., the distal inner/outer segments and
proximal synapses, respectively, indicating a second function of MRG4 in the distal photoreceptor
and dual functionality of MRG4. Thus, inactivation of MRG4 by gene targeting resulted in a retinal
degeneration phenotype quite different from that previously seen in the TG, attesting to the
multiplicity of MRG4 function, in addition to the importance of this protein for normal retinal
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function. These models will be useful in elucidating the functions of HRG4/MRG4 and the
mechanism of slow retinal degeneration.

Keywords
retinal degeneration; knock-out model; transgenic model; photoreceptor; synapse; inner segments;
outer segments

Introduction
Retinal degeneration is a major cause of blindness for which there is no cure or effective
treatment. "Over nine million Americans of every age and race suffer vision loss from these
blinding diseases" (Foundation Fighting Blindness web page (blindness.org)). The first step in
moving towards understanding of these diseases is to identify the causative genes. Once the
genes are identified, the functional defect present in the disease can be elucidated. Animal
models can be constructed to investigate the actual mechanism of pathogenesis that occurs in
the disease. Information gained from these studies will aid in finding a cure or the best treatment
for the retinal degeneration. Along this line, very encouraging results were obtained from gene
therapy of a dog model of Leber congenital amaurosis (Acland et al., 2001).

HRG4 (UNC119) is a photoreceptor synaptic protein that was cloned in our laboratory through
a subtractive cloning strategy to isolate novel retinal genes that may be candidate retinal
degeneration genes (Higashide et al., 1996). HRG4 is homologous to C. elegans neuroprotein
UNC119, loss of which causes disorganized neural architecture and paralysis in the worm
(Maduro and Pilgrim, 1995). UNC119 has also been shown recently to be required for normal
development of the zebrafish nervous system (Manning et al., 2004). HRG4 is one of the most
abundant proteins in the retina, consistent with its functional importance in the retina (Wistow
et al., 2002). It is present in the presynaptic space of rod and cone photoreceptors,
predominantly associated with synaptic vesicles and also in the inner segments (IS) of
photoreceptors to a degree (Higashide et al., 1998). Although the precise function of HRG4 is
not known yet, it has been shown to interact with the ARF-like protein 2 (ARL-2) by the yeast
two-hybrid strategy, opening up several possibilities for function (Kobayashi et al. 2003). The
HRG4 gene consists of 5 exons, mapping to chromosome 17q11.2 (Higashide and Inana,
1999).

A heterozygous truncation mutation of HRG4 was demonstrated in a patient with late onset
cone-rod dystrophy, and a transgenic model (TG) expressing the same mutant protein was
shown to also develop late onset retinal degeneration, confirming the pathogenic potential of
a defect in this protein (Kobayashi et al. 2000). The retinal degeneration in the TG model was
marked by slow progression, selective reduction in eletroretinogram (ERG) b-wave, severe
synaptic degeneration, and significant trans-synaptic degeneration in the inner nuclear layer
(INL) in addition to outer nuclear layer (ONL) thinning. Consistent with the localization of
HRG4 in the photoreceptor synapse, specific decrease in the levels of several synaptic vesicle
membrane proteins was observed in the transgenic retina, indicative of synaptic dysfunction
(Kubota et al., 2002). More recently, we have demonstrated a dominant negative mechanism
of pathogenesis in the TG to be based on the increased affinity of the mutant truncated HRG4
for its target, ARL2, resulting in perturbation of the formation of a complex between ARL2
and Binder-of-ARL2 (BART) and a decrease in its downstream target, the mitochondrial
adenine nucleotide transporter 1 (ANT1) in the synapses (Mori et al. 2006). The deficit in
ANT1, a key regulator of cellular energetics that exchanges mitochondrial ATP for cytoplasmic
ADP, leads to mitochondrial stress, cytochrome C release, and caspase 3 activation in the
synapses. As a result, the synapses degenerate, inducing trans-synaptic degeneration and
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photoreceptor cell body degeneration by apoptosis. Thus, the TG model elucidated a function
of HRG4 related to mitochondrial ANT1 and cellular energetics, and demonstrated the mutant
truncated HRG4 to cause a retinal degeneration that initiates in the photoreceptor synapses.

To further advance the elucidation of the function and pathogenic mechanism of HRG4, we
have constructed a knock-out (KO) model of HRG4 by gene targeting. In this paper, we
describe its initial analysis which has revealed that inactivating the HRG4 gene results in severe
retinal degeneration based on a dysfunction in the inner/outer segments as opposed to synapses
in the model, demonstrating the essential requirement and dual functions of this protein in the
normal retina.

Materials and Methods
Cloning of the mouse HRG4 (MRG4) gene

Two million lambda Fix II clones from the 129 SvJ mouse genomic library (Stratagene, La
Jolla, CA) were plated out and screened by hybridization with a rat HRG4 (RRG4) cDNA
probe using standard procedures (Higashide et al., 1996; Sambrook and Fritsch, 1989). Positive
clones were purified through multiple picking and hybridization screening, and characterized
by restriction mapping and DNA sequencing. A genomic library made from a 129 SvJ mouse
was used to minimize the difference between the sequence of a gene clone and its intended
target, the genomic sequence of the MRG4 gene in the embryonic stem (ES) cell derived from
129 SvJ mouse.

Construction of the MRG4 targeting vector
The pPNT targeting vector containing a neomycin resistance gene and a herpes virus thymidine
kinase at the 3' end was used for targeting the MRG4 gene (Tybulewicz et al., 1991). A 2.6
kbp Pst I-Pst I fragment containing most of exon 1 and its upstream sequence and a 3.0 kbp
Hind III-Hind III fragment containing exons 2, 3, and part of 4 were isolated from the MRG4
gene clone λmrg4gene14-2. The two fragments were subcloned into the upstream and
downstream regions of the 1.8 kbp region containing the neomycin resistance gene,
respectively, in the pPNT vector, such that a contiguous region of ~7 kbp with 80% homology
to the MRG4 gene was created.

Construction of the KO mouse
All procedures using animals were conducted in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. The pPNT targeting vector was
constructed in our laboratory, and electroporated into RW4 ES cells grown on murine
embryonic fibroblast feeder cells at Genome Systems (St. Louis, MO). Neomycin-resistance
cell lines were isolated after selection with G418 (300–400 μg/ml) for ~5 days and frozen.
DNA was prepared from the isolated cell lines and used to confirm successful targeting of the
MRG4 gene by genomic Southern blot analysis in our laboratory. The ES cell lines determined
to be successfully targeted were injected into C57Bl/6 blastocysts at Genome Systems and
chimeras were produced after transplantation into female C57Bl/6 mice. The degree of
chimerism was approximated by the amount of agouti coloring of the coat. Chimeras were
mated with C57Bl/6 partners, and germ line transmission in pups was determined by the agouti
phenotype. The presence of a targeted MRG4 allele was confirmed in agouti pups by DNA
isolation from the tail and genomic Southern blot analysis. Targeted agouti F1s were crossed
with each other to produce homozygous targeted F2s. Homozygosity of the targeted MRG4
alleles was confirmed by DNA isolation and genomic Southern blot analysis or polymerase
chain reaction (PCR) amplification.
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Western blot analysis
Mouse retinas were homogenized in PBS containing 1 μg/mL aprotinin and 100 μg/mL
phenylmethylsulfonylfluoride (PMSF) and centrifuged at 15,000 xg. Protein concentration of
the supernatant was measured using the Protein Determination Kit (Sigma, St. Louis, MO).
Equal amounts of retinal proteins were boiled and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins were electroblotted onto a
nitrocellulose membrane (Immobilon-P; Millipore, Bedford, MA). The blot was incubated at
4°C overnight in a blocking buffer containing 5% (wt/vol) nonfat dried milk in 50 mM Tris-
HCl (pH 7.5), 200 mM NaCl, and 0.05% Tween20. After the blocking of nonspecific binding
sites, the blot was incubated with appropriate primary antibody (1:200 affinity-purified
polyclonal antibody against rat HRG4 (RRG4) (Higashide et al., 1998), 1:1000 monoclonal
anti-rat synaptotagmin antibody, 1:200 monoclonal anti-rat synaptogyrin antibody, and 1:3000
monoclonal anti-rat syntaxin antibody (Transduction Laboratories, Lexington, KY)) at room
temperature for one hour. After three washes with TBS-T (0.1% Tween 20 in TBS), the
membranes were incubated with the secondary antibody (peroxidase-conjugated anti-rabbit or
anti-mouse IgG antibody; Amersham Pharmacia Biotech, Piscataway, NJ) at a dilution of
1:1000 in TBS-T at room temperature for one hour. Finally, the membranes were washed five
times in TBS-T and processed for detection by enhanced chemiluminescence (ECL; Amersham
Pharmacia Biotech). Signals on exposed film were quantitated by densitometry, and statistical
significance of differences in signals was determined by the Student t-test.

Immunofluorescence
Age-matched KO and control (sibling) mice were examined. Mouse eyes were enucleated,
fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for 2 hours, and immersed in 20%
sucrose in 0.1M phosphate buffer overnight. Before sectioning, the eyes were embedded in
OCT (Miles, Elkhart, IN) and frozen in liquid nitrogen. Six μm thick sections were cut on a
cryostat and stored at −20° C until used. The frozen sections were warmed to room temperature,
blocked for 60 minutes with blocking buffer (10% goat serum, 1% BSA, 0.1% Triton-X 100
in PBS, pH 7.4), and incubated with the primary antibody against rat HRG4 (RRG4, 1:100) in
PBS for 90 minutes (Higashide et al., 1998). After three washes in PBS, sections were incubated
with the secondary antibody (Alexa Fluor 488 goat anti-rabbit IgG, Molecular Probes/
Invitrogen, Carlsbad, CA) at a dilution of 1:50 for 30 minutes, followed by three final washes
in PBS. The sections were mounted in Fluoromount-G (Southern Biotechnology Associates,
Inc, Birmingham, AL), analyzed, and digitally photographed with Zeiss photomicroscope III
or Zeiss Laser Scanning System LSM 510 (Carl Zeiss, Oberkochen, Germany).

Fundus examination
Mice were anesthetized with a mixture of ketamine, xylazine, and urethane, pupils were dilated
with phenylephrine and atropine, and fundus photographs were taken with a Kowa RC2 camera
(Kowa, Tokyo, Japan).

Electroretinogram (ERG) study
Knock-out and age-matched control (sibling) mice of various ages (2 (2 KO, 1 N), 4 (1 KO, 1
N), 6 (1 KO, 1 N), 12 (2 KO, 1 N), 14 (2 KO, 1 N), 15 (2 KO, 1 N), 18 (1 KO, 1 N), and 19
months (1 KO, 1 N)) were subjected to ERG study. By the time of the experiment the animals
had been dark adapted for 14–16 hours; all the subsequent steps in preparation for recording
were performed under dim red light. Mice were anesthetized with an intraperitoneal injection
of ketamine (60.0–75.0 mg/kg) and xylazine (6.7–8.3 mg/kg). After pupils were dilated
(tropicamide 1%, phenylephrine HCl 2.5%; Bausch and Lomb Pharmaceuticals, Inc., Tampa,
FL), the corneal surface was anesthetized with proparacaine HCl 0.5% (Alcon Laboratories,
Inc., Fort Worth, TX) before the animal was immobilized in a holder. ERGs were recorded

Ishiba et al. Page 4

Exp Eye Res. Author manuscript; available in PMC 2008 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



simultaneously from both eyes using an Espion visual electrophysiology system (Diagnosys
LCC, Littleton, MA) as previously described (Sokolov et al., 2004). The recording electrodes
were platinum wires enclosed inside plastic armatures that completely covered the mouse pupil.
Electrical contact between the cornea and the electrode was achieved through a hypromellose
solution (Gonak; Akorn, Inc., Buffalo Grove, IL) which also protected the eyes from drying
during the experiment. The reference electrode was clipped at the cheek and electrical contact
was established through Gonak; the ground electrode was clipped at the tail. Mouse body
temperature was maintained at 37 °C using a homeothermic blanket connected to its control
unit (Harvard Apparatus, Holliston, MA). Signals were bandpass-filtered at 0.15–500 Hz and
sampled at 1 kHz. Flash intensity ranged from −3.52 to 1.76 log cd s/m2. Data analysis was
performed with Igor Pro 5.0 software (Wavemetrics, Lake Oswego, OR).

Histopathology
Frozen and paraffin sections of retina from normal and KO mice of different ages were stained
with hematoxylin and eosin (H&E), and examined microscopically. For determination of outer
nuclear layer thickness, retinal sections were obtained along the vertical meridian through the
optic nerve head (ONH) from the superior to inferior periphery. The entire span was divided
into zones 4 mm (peripheral), 2 mm (mid), and 0.5 mm (central) away from the ONH, and the
thickness of the outer nuclear layer (ONL) was measured in each zone in the digitized images.
4–5 readings were taken for each zone and averages were calculated. Statistical significance
of differences in nuclear layer thickness in each zone of the retina for a given age in KO and
normal (sibling) mice was determined by the Student’s t-test. Photomicrographs were taken to
document the histopathological changes.

Ultrastructural analysis by electron microscopy (EM)
Age-matched KO and normal control mice (sibling) were examined at ages 7, 12, and 18
months. Mice were euthanized and eyes were enucleated and immersed in fixative containing
2.0% paraformaldehyde and 2.5% glutaraldehyde in 0.1M phosphate buffer, pH 7.4. For EM,
blocks of tissue, fixed as above, were prepared from affected retinal regions of KO mice and
comparable regions in controls, then post-fixed in buffered 1% OsO4, dehydrated through a
graded series of alcohols and embedded in epoxy resin following standard procedures.
Ultrathin sections stained with uranyl acetate and lead citrate were examined in a JEOL electron
microscope.

TUNEL staining
Fragmentation of DNA in apoptotic cells was detected by terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick-end-labeling (TUNEL) assay, using the ApoAlert DNA
Fragmentation Assay Kit (Clontech Laboratories, Palo Alto, CA) with fluorescence
microscopy, or with the DeadEnd Colorimetric TUNEL System (Promega, Madison, WI) and
light microscopy according to the manufacturer’s protocol. For quantitative assessment of
apoptosis, in order to increase the signal-to-noise ratio, the DeadEnd Colorimetric TUNEL
System was converted into Alexa Fluor-based fluorescence detection system by using the
biotinylated dUTP for streptavidin-conjugated Alexa Fluor 488 binding (Molecular Probes/
Invitrogen, Carlsbad, CA). Numbers of apoptotic cells were determined by counting TUNEL-
positive cells in the entire retina, superior to inferior, of vertical meridian sections of the eye
from age-matched KO and normal (sibling) mice. Statistical significance was determined by
the Student's t-test.
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Results
Cloning of the mouse HRG4 gene

A genomic clone containing the murine orthologue of HRG4 gene was isolated from a 129 SvJ
mouse genomic library (Stratagene, La Jolla, CA) by hybridization screening using a rat HRG4
(RRG4) cDNA as probe (Higashide et al., 1996). The 129 SvJ library was used to obtain a
mouse gene clone with minimal difference to the target gene of homologous recombination in
the embryonic stem (ES) cells of 129 SvJ lineage. A lambda Fix II clone (λmrg4gene14-2)
with a ~20 kbp insert containing the mouse HRG4 gene (MRG4) was obtained. Restriction
digestion and sequencing analyses demonstrated that the mouse gene is similar to the human
gene in size and exon/intron structure (Fig. 1A) (Fig. 1A here) (Higashide et al., 1999). The
MRG4 gene, like the HRG4 gene, is made up of 5 exons spread over a ~5 kbp genomic region
with the translational initiation codon in exon 1.

Targeting of the MRG4 gene
The pPNT targeting vector containing a neomycin resistance gene and a herpes virus thymidine
kinase at the 3' end and the λmrg4gene14-2 clone were used to construct a MRG4 targeting
construct (Tybulewicz et al., 1991). The targeting construct contained a ~7 kbp fragment
homologous to the MRG4 gene designed to replace the distal region of exon 1 and intron 1 of
the endogenous MRG4 gene with the neomycin resistance gene (Fig. 1B) (Fig. 1B here). A
termination codon was incorporated at the junction to prevent run-on translation. A ~6 kbp
region of identity to the endogenous MRG4 gene was included in the construct to assure
homologous recombination at the correct site.

Construction of the KO mouse
The targeting construct was electroporated into ES cells (Genome Systems, St. Louis, MO),
and neomycin-resistant lines were isolated after selection. The ES cell lines were screened for
successful targeting of the MRG4 gene by genomic Southern blot analysis of their DNA. Two
different ES cell lines demonstrated targeting by the presence of a 5.3 kbp Bam HI fragment
produced by the replacement of the gene by the ~7 kbp homologous sequence (Fig. 1B) (data
not shown). After injection into mouse blastocysts (C57B6), one of the targeted ES cell lines,
#95, produced chimeras with high degree of chimerism (95%). After mating with normal
female (Black Swiss Webster), one of the chimeras produced an Agouti pup, indicating germ
line transmission. The targeted MRG4 allele was confirmed in the pup, which should be
heterozygous, by the presence of the 5.3 kbp Bam HI fragment by genomic Southern blot
analysis (data not shown). Back crossing of the Agouti pups produced offspring homozygous
for the targeted gene, indicated by the unique pattern of Bam HI fragments on genomic
Southern blot analysis (data not shown).

Inactivation of the MRG4 gene by targeting was confirmed by isolation of retinal proteins from
2 months old normal, heterozygous, and homozygous knock-out mice and western blot analysis
with the rat HRG4 (RRG4) antibody (Higashide et al., 1998). The presence of MRG4, shown
to be enriched in photoreceptors (Higashide et al., 1998), was demonstrated by a strongly
reactive band in the normal mouse retina, while a band approximately half as reactive was
present in the heterozygous retina, consistent with expression from only one allele (Fig. 2A)
(Fig. 2 here). The homozygous retina showed complete absence of MRG4, consistent with the
targeted inactivation of both alleles of the MRG4 gene (Fig. 2A). Immunofluorescence
microscopic analysis of retinas from age-matched normal and homozygous KO mice
demonstrated as expected the presence of MRG4 mostly in the outer plexiform layer (site of
photoreceptor synapses) and in the IS in the normal retina as previously demonstrated
(Higashide et al., 1998). By contrast, a complete absence of MRG4 immunofluorescent staining
was observed in the knock-out retina, consistent with the western blot result (Fig. 2B).
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Phenotype of the knock-out mouse
The homozygous KO mice did not show any abnormality in general breeding or developmental
characteristics. No gross physical abnormality could be detected. Funduscopic examination of
homozygous KO mice of different ages, along with selected normals, demonstrated a
progressive pattern of abnormality consistent with retinal degeneration. Figure 3A (Fig. 3 here)
shows representative fundus photographs of 2, 5, 10, 17, 20, and 26 month old homozygous
KO mice compared with 17 and 19 month old normals. Mottling of retinal pigment epithelium
(RPE) was visible in the fundus as early as 5 months of age in the KO mice. The mottling
appeared to be randomly distributed throughout the retina with no specific pattern. An increase
in the areas of mottling with regions of coalescence was observed by 10 months of age.
Thinning of blood vessels was also present. The whole retina appeared to be involved by 17
months. Evidence of severe retinal degeneration was present at 20 months with areas of
photoreceptor thinning. Severe end-stage retinal degeneration was present at 26 months.

The presence of severe retinal degeneration in this model is illustrated by hematoxylin-eosin
(H&E) staining of retinal sections from a 20 month old homozygous KO mouse compared to
normal (Fig. 3B). As can be seen, the retina in the knock-out model is significantly thinned
with most of the outer nuclear layer gone except for one partial row of nuclei.

Morphometric analysis of the retina from normal and KO mice at different ages was performed.
The thickness of the outer nuclear layer comprising photoreceptor nuclei was determined in
the retinal sections of 6, 10, 13, 17, 20, and 26 month old normal and KO mice (Fig. 4) (Fig.
4 here). A clear pattern of progressive retinal degeneration was observed. A significant thinning
of the ONL was present as early as 6 months, in agreement with the funduscopic analysis (Fig.
4). The progress of the degeneration, as gauged by the thinning of the ONL, was relatively
slow in the first 13 months, but accelerated at 17 months. Although the superior retina appeared
to be more affected at 6 months, the degeneration seemed to affect superior and inferior regions
equally overall, consistent again with the funduscopic analysis. Severe retinal degeneration in
this model was confirmed by the thinning of the ONL down to almost nothing by 26 months
of age (Fig. 4).

The level of apoptosis was measured in KO and normal (sibling) retinas at different ages by
counting the number of TUNEL-positive cells present in the ONL in the whole 6 μm vertical
meridian sections of the retina (Fig. 5A) (Fig. 5 here). A graph of the data (Fig. 5B)
demonstrates that as early as 6 months of age, a higher number of apoptotic cells is present in
the KO retina compared to normal. A burst of apoptosis appears to occur in the KO retina
starting around 17 months and continuing through 20 months, consistent with the results of
both the funduscopic and morphometric analysis. The number of TUNEL-positive cells
subsequently decreases to almost none by 26 months of age. In the normal ONL, the number
of apoptotic cells is relatively constant, at 2 to 3 per section, at all ages examined (6–26 months).

Histopathologic analysis of the normal and KO retina at various ages was performed. Figure
6 (Fig. 6 here) shows representative H&E sections of mid retina of normal and KO mice at 6,
10, 13, 17, 20, and 26 months of age. A pattern of progressive retinal degeneration is observed
which progresses relatively slowly in the first 13 months, and accelerates at 17 months, to result
in complete obliteration of the ONL by 26 months of age. The architecture of the ONL,
however, appears to remain relatively intact during the process of gradual thinning, in contrast
to significant disorganization that was observed in the TG model (Kobayashi et al., 2000). The
inner nuclear layer (INL) also does not appear to show significant thinning in the KO retina
compared to normal until the terminal stage of retinal degeneration, again in contrast to
prominent early thinning of the INL, reflecting significant trans-synaptic degeneration, that
was observed in the TG model (Mori et al., 2006).
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Analysis of the photoreceptors at the ultrastructural level by EM of the KO and age-matched
normal control retina at 7, 12, and 18 months of age demonstrated evidence of degenerating
photoreceptors and synapses, especially at the older ages (data not shown). No evidence of
early synaptic degeneration was present without photoreceptor degeneration. Significantly,
synapses filled with dark granular deposits consistent with "dark degeneration" of terminals
(Ghetti et al., 1972) that were commonly observed in the TG (Kobayashi et al., 2000) were not
present in the KO, regardless of age, indicating a different mechanism of synaptic degeneration
in the KO.

ERG study of KO and age-matched control (sibling) mice of various ages (2, 4, 6, 12, 14, 15,
18, and 19 months) demonstrated that mice 12 months and younger had virtually normal ERG.
Even though statistical analysis was not possible based on only one or two animals available
at each age, the ERG of all six mice of ages 2 to 12 months were consistently within the normal
range. However, the ERG of six older animals was clearly abnormal. Examples from a 14-
month-old and a 15-month-old mouse are shown in Figure 7 (Fig. 7 here) with the morphology
of their retinas. As the histology from the same animal shows, the ONL had thinned to 5–8
rows and 3–5 rows at 14 and 15 months, respectively. A reduction in both a- and b-wave was
preliminarily noted at high light intensity which did not normalize with increase in
interstimulus intervals. Animals at more advanced stages of retinal degeneration had severely
diminished or no recordable ERG responses. In contrast to the previously reported ERG of the
TG mice, none of the KO animals showed any sign of a drastically reduced b-wave
concomitantly with a substantially preserved a-wave. Furthermore, oscillatory potentials (OP)
superimposed on the slower waveform in the 14 months KO were similar to those of normal,
at least in the mid-range of light intensities. These OP are contributions to the ERG responses
by neurons in the inner retina (Wachtmeister, 1998). The appearances of the residual b-waves
and OP in the 15 months KO suggested that in spite of the severe thinning of the ONL, the
transmission of visual signal from the remaining photoreceptors to the inner retina remained
relatively intact.

In view of the morphological evidence by light microscopy and EM and functional evidence
by ERG indicating absence of early photoreceptor synaptic degeneration in the KO, the
functional status of synapses in the KO retina was investigated further by analysis of synaptic
proteins by western blotting. A similar analysis of the TG model, which showed early
photoreceptor synaptic degeneration, demonstrated changes in the levels of various synaptic
proteins by 13 months of age (Kubota et al. 2002). Status of synaptotagmin and synaptogyrin
which are synaptic vesicle proteins, and syntaxin which is a pre-synaptic membrane protein
(Sudof 1995) was examined. Western blotting of retinal proteins from 3, 6, 10, and 20 months
old KO and normal siblings for synaptotagmin, synatptogyrin, and syntaxin demonstrated no
significant difference between the KO and control, consistent with the absence of early synaptic
degeneration in the KO (Fig. 8) (Fig. 8 here).

Preliminary histopathologic analysis of heterozygous KO mice showed a variable pattern of
retinal phenotype. Most of the heterozygotes had a normal retina regardless of age, but up to
a third of mice older than 17 months showed mild thinning of ONL. The morphology was
identical to that seen in the homozygous KO, except the ONL thinning was partial (up to 40–
50%) instead of complete as in the homozygotes.

Discussion
Inactivation of mouse HRG4 (MRG4) by gene targeting resulted in progressive degeneration
of the retina. Thus, both dominant negative mutation of HRG4 in the TG model (Kobayashi
et al., 2000) and elimination of HRG4 by gene targeting in the KO model resulted in retinal
degeneration, attesting to the importance of HRG4 for normal function of the retina. Although
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both gene manipulations resulted in slow retinal degeneration, there were significant
differences in the phenotypes produced in the two models, reflecting important differences in
the predominant pathogenic mechanism involved in each.

First, the TG and KO models differed in the timing and severity of the retinal degeneration.
Evidence of photoreceptor degeneration, indicated by increased apoptosis and thinning of the
ONL, was present as early as 6 months in the homozygous KO, whereas clear evidence of ONL
thinning was not present in the TG until they were >12 months old (Kobayashi et al., 2000).
There was a clear difference in the severity of the retinal degeneration at the terminal stage in
the two models with barely a single row of photoreceptor nuclei, most likely cones, remaining
in the KO by 20 months compared to 4–5 rows of nuclei present at 24 months in the TG
(Kobayashi et al., 2000; Mori et al., 2006). The heterozygous KO demonstrated a variable
phenotype of much milder retinal degeneration, suggesting partial haploinsufficiency, but this
requires further investigation for confirmation.

Second, while significant evidence of trans-synaptic degeneration with thinning of the INL
could be appreciated in the TG even at relatively early stage (12–18 months) of retinal
degeneration in the TG model (Kobayashi et al., 2000; Mori et al., 2006), there was essentially
no evidence of trans-synaptic degeneration in the KO until the terminal stage (>20 months) of
retinal degeneration when barely a single row of photoreceptors was present. The absence of
trans-synaptic degeneration was also confirmed by normal OP in the ERG of 14 and 15 months
KO, reflecting normal function of the inner retina. This is a very important point that reflects
the presence or absence of early synaptic degeneration. We have recently demonstrated in the
TG model that trans-synaptic degeneration of a secondary neuron such as bipolar cell is directly
caused by the degeneration that occurs in the synapse of the primary neuron (photoreceptor)
associated with the secondary neuron and that this can occur even before the death of the whole
photoreceptor (apoptosis in the cell body) is evident in the early stage of retinal degeneration
(Mori et al., 2006). Thus, the absence of trans-synaptic degeneration in the KO strongly
suggests that early synaptic degeneration does not occur in the KO as does in the TG, and a
different mechanism of photoreceptor degeneration is operating.

Third, the ultrastructural analysis of photoreceptor synapses in the KO by EM showed evidence
of degenerating synapses at ages, especially older ages, when photoreceptor degeneration was
present (7, 12, and 18 months), as expected. However, there was no evidence at any of the ages
examined of dark degeneration of synaptic termini, i.e., degenerating synapses filled with dark
granules (Ghetti et al., 1972), in the KO as was observed in the TG. In the TG these dark
degenerating synapses were commonly observed in the outer plexiform layer (OPL) where
photoreceptor synapses reside (Kobayashi et al., 2000), and photoreceptor synaptic
degeneration has been shown to be the initial event, followed by trans-synaptic degeneration
and whole photoreceptor degeneration by apoptosis in the cell body (Mori et al., 2006). Thus,
the dark degeneration of the synapses was a signature characteristic of the early synaptic
degeneration that occurs in the TG. The absence of this phenomenon in the KO again strongly
supports the absence of early synaptic degeneration in the KO and a different mechanism of
cell death in the KO in which the whole photoreceptor dies instead of a sequential process of
synaptic degeneration, followed by whole photoreceptor death.

The result of the ERG analysis of the KO clearly confirmed the absence of early synaptic
degeneration in the KO and firmly supported a different mechanism by which whole
photoreceptors degenerate and die in the KO. When ERG dysfunction was present, reduction
in both the a-wave, reflecting phototransduction in the outer segments (OS), and b-wave,
reflecting synaptic transmission, was present. There was preliminary evidence of reduction of
both a- and b-wave at high light intensity, perhaps not corrected by lengthening of interstimulus
intervals, suggesting that recovery may not be the problem. This preliminary observation may

Ishiba et al. Page 9

Exp Eye Res. Author manuscript; available in PMC 2008 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reflect a unique effect of the lack of HRG4 and is a subject of future investigation. Importantly,
there was no evidence of early reduction in the b-wave while the a-wave was preserved, as
seen in the TG. Thus, the ERG defect seen in the KO is consistent with a dysfunction of whole
photoreceptors without evidence of preceding synaptic degeneration. This is dramatically
different from the TG which showed early b-wave reduction, reflecting synaptic dysfunction,
before real evidence of OS dysfunction and whole photoreceptor death was observed
(Kobayashi et al., 2000). Thus, the result of the ERG study agreed with the absence of trans-
synaptic degeneration and the result of the EM analysis in demonstrating a mechanism of
pathogenesis in the KO that is quite different from that in the TG, i.e., a mechanism that operates
outside the synapses, namely in the distal end of photoreceptors (inner segments/outer
segments, IS/OS) where HRG4 is also localized (Higashide et al., 1998).

Finally, the results of the western blot analyses of synaptic proteins in the KO and normal retina
at various ages starting at 3 months confirmed the absence of early synaptic degeneration in
the KO. The levels of proteins associated with synaptic vesicles (synaptotagmin, synaptogyrin)
and pre-synaptic membrane (syntaxin) were all essentially unchanged in the KO compared to
normal. The levels of these proteins may be expected to show a decrease in the older KO due
to a significant degeneration of photoreceptors. The lack of significant decrease must be due
to the persistent intactness of the inner nuclear and inner plexiform layer which contains many
synapses, which again argues against early synaptic degeneration which would have induced
trans-synaptic degeneration and inner nuclear layer dysfunction. The TG model which showed
early synaptic degeneration, however, demonstrated alterations in synaptic proteins, including
synaptotagmin and syntaxin, even at 13 months of age (Kubota et al. 2002). The absence of
such alteration in the synaptic proteins in the KO clearly supports the absence of early synaptic
degeneration in this model.

The remarkable difference in the phenotype of the retinal degeneration in the TG and KO, one
involving early synaptic degeneration at one end and the other involving IS/OS dysfunction at
the other end of photoreceptors, respectively, point to a dual function of HRG4. The dominant
negative truncated mutant HRG4 in the TG was shown to sequester its target, ARL2, three
times as much as the normal HRG4, leading to a decrease in the downstream target, synaptic
mitochondrial ANT1, mitochondrial stress, and synaptic degeneration which triggered trans-
synaptic degeneration and whole photoreceptor death by apoptosis (Mori et al. 2006). This
process was slowly progressive and was unique to the photoreceptor synapses, reflecting the
importance of this mechanism in the synapses. Absence of HRG4 in the KO may be expected
to affect the same mechanism in the synapses, yet synaptic degeneration was not present as the
first initiating event in the KO. Instead, there was preliminary evidence of a unique
photoreceptor dysfunction with reduction of both a-wave and b-wave whenever ERG
abnormality and photoreceptor degeneration was present. This indicated the presence of a
second function of HRG4, not related to synapse, in the IS/OS region of photoreceptors where
HRG4 also localizes which is defective in the KO and leads to cell dysfunction and death.
Defects in phototransduction proteins in the OS accompanied by phototransduction
abnormalities have been well documented to cause photoreceptor death, as in the case for
rhodopsin, cGMP-phosphodiesterase, and transducin (Dryja et al., 1990, 1996; Bowes et al.,
1990; Pittler and Baehr, 1991; Michaelides et al., 2004). A defect in the putative second
function of HRG4 may lead to abnormality in a phototransduction protein, causing
photoreceptor death. The photoreceptor death occurs much earlier in the KO compared to the
TG, indicating that this IS/OS dysfunction is serious enough to kill the photoreceptors more
quickly. Thus, the absence of initial synaptic degeneration in the KO may be due to the quicker
demise of photoreceptors from the IS/OS dysfunction even before the absence of HRG4 has a
chance to cause synaptic degeneration. The IS/OS function affected in the KO is unlikely to
be the mitochondrial ANT-1-mediated mechanism, elucidated in the TG, since this mechanism
has been shown to operate predominantly in the synapse by the TG model. Thus, the findings
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point to a second function of HRG4 which is important in the IS/OS region and which is
defective in the KO, leading to photoreceptor death. In this regard, in contrast to the TG model,
the phenotype of the KO model is somewhat similar to other mouse models of retinal
degeneration based on abnormalities of OS proteins, such as rhodopsin, rds/peripherin, and
rom-1, in terms of rate of photoreceptor degeneration and absence of early synaptic
degeneration (Kedzierski et al. 2001).

A function of HRG4 in the IS/OS region is consistent with the presence of HRG4 in the IS
which has always been noted (Higashide et al., 1998). Although the precise function of HRG4
in the IS is not known at this time, it is plausible that absence of this function in the IS in the
KO leads to a serious defect in the distal end of photoreceptors and photoreceptor degeneration
as observed. Thus, the KO model of HRG4 has revealed a likely second, new function of HRG4,
present and important in the IS/OS region and uniquely highlighted because of the specific
phenotype its absence produces in the KO. The KO and TG models of various retina-expressed
proteins, such as rhodsopsin, cGMP-phosphodiesterase gamma, arrestin, transducin alpha,
RPE65, peripherin/rds, retinol dehydrogenase, TrkB receptor, and interphotoreceptor retinoid-
binding protein (IRBP), have been invaluable in understanding their function and pathogenic
mechanism of retinal dysfunction they can cause (Lee et al., 2006; Burns et al., 2006; Naash
et al., 2004; Maeda et al., 2005; Fan et al., 2003; Jones et al., 2003; Rohrer, 2001; Calvert et
al., 2000, 2001; Frederick et al., 2001; Ripps et al., 2000; Palczewski et al., 1999; Lem et al.,
1999; Tsang et al., 1998; Humphries et al., 1997). Similarly, the KO model should be invaluable
in elucidating the putative new function of HRG4 in the distal end of photoreceptors, and in
combination with the TG model which shows synaptic degeneration at the proximal end of
photoreceptors (Kobayashi et al., 2000; Mori et al., 2006), should help us to understand the
dual function of HRG4.
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Figure 1.
Structure and targeting of the mouse HRG4 (MRG4) gene. A. Exon/intron sturcture of the
MRG4 gene (bottom) is compared to that of the human HRG4 gene (top). The mouse gene,
like the human gene, consists of 5 exons encompassing ~5 kbp of genomic sequence. Exons
are represented by black boxes and labeled. Restriction enzyme sites are shown by letters. B,
Bam HI; P, Pst I; H, Hind III; E, Eco RI. B. Targeting of the MRG4 gene. Targeting of the
MRG4 gene (top) by the pPNT targeting vector (middle) is shown. The resulting targeted gene
is shown at the bottom. The targeting vector contains a neomycin resistance gene in a ~7 kbp
sequence homologous to the mouse genomic region containing the upstream region and exons
1 to 4 of the MRG4 gene. A herpes simplex virus thymidine kinase (HSV-TK) gene is also
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attached at one end of the homologous region in the vector to facilitate the selection of
successfully targeted cells. Correct targeting of the vector should result in elimination of this
marker. Successful targeting results in replacement of part of exon 1 and intron 1 with the
neomycin resistance gene-containing sequence (bottom). A termination codon is built into the
sequence downstream of exon 1 to prevent run-on translation. Restriction enzyme sites: B,
Bam HI; P, Pst I; H, Hind III; E, Eco RI; X, Xho I. Neo, neomycin resistance gene. HSV-TK,
herpes simplex virus thymidine kinase gene. Gene exons are represented by black boxes.
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Figure 2.
Confirmation of the MRG4 gene targeting in the knock-out mouse. A. Western blot analysis
of retinal proteins from normal (N), heterozygous (He), and homozygous (Ho) knockout mouse
with the rat HRG4 (RRG4) antibody (1:200). A strongly reactive MRG4 protein band is present
in the normal retina (N), whereas a band approximately half as reactive is present in the
heterozygous retina (He), consistent with one allele being knocked out by targeting, and a
complete absence of the protein band in the homozygous retina (Ho), consistent with both
alleles being knocked out. Protein size markers are shown on the left. kDa, kilo Daltons. B.
MRG4 immunofluorescence (polyclonal anti-rat HRG4 (RRG4) antibody, 1:100) in 12 months
old normal (N) and homozygous knock-out mouse (Ho) retinas. The presence of MRG4,
predominantly in the outer plexiform layer and less in the inner segments of the retina, is shown
in the normal retina (N). There is complete absence of MRG4 signal in the homozygous
knockout mouse retina (Ho). There is evidence of retinal degeneration visible in the
homozygous knock-out mouse, i.e., thinning of the outer nuclear layer compared to normal
thickness. GC, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL,
outer plexiform layer; ONL, outer nuclear layer; IS, inner segments; OS, outer segments. Scale
bar in N = 10 micrometer.
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Figure 3.
Fundus images of the homozygous knock-out mouse and histologic confirmation of retinal
degeneration. A. Fundus photographs of 17 and 19 months old normal mice (N) and 2, 5, 10,
17, 20, and 26 months old homozygous KO mice are shown. The fundus photographs were
taken with the Kowa RC2 camera. No significant abnormality is present in the KO fundus at
2 months of age, but mottling of the RPE begins to appear in all areas of the retina at 5 months
of age. The mottling increases in area and begins to coalesce, and blood vessels begin to narrow
by 10 months. The entire retina is involved and areas of retinal thinning are visible by 17 months
of age. By 20 to 26 months, severe retinal degeneration affecting the entire retina is seen. No
abnormality is seen in the fundus of 17 and 19 months old normal mice (N). B. Histopathology
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of normal (N) and homozygous KO mouse retina at 20 months of age. H&E stained sections
of mid retina are shown. Severe retinal degeneration is present in the KO retina with barely a
single row of photoreceptor nuclei left (ONL), consistent with the fundus image obtained. GC,
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform
layer; ONL, outer nuclear layer; IS, inner segments; OS, outer segments. Scale bar in N = 10
micrometer.
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Figure 4.
Morphometric analysis of normal and KO retinas at different ages. Thickness in μm of the
outer nuclear layer (ONL) containing the photoreceptors is shown for normal (N) and
homozygous KO retinas at 6, 10, 13, 17, 20, and 26 months of age. For each measurement,
ONL thickness was determined at a point 0.5, 2, and 4 mm from the optic nerve head (ONH)
superior or inferior in a vertical meridian section of the retina stained with H&E. Each point
on the graph represents an average of measurements from 3–4 animals, and error bars represent
standard error of means. Asterisk indicates statistically significant difference between the
normal and KO ONL thickness at p<0.05. The results demonstrate a pattern of progressive
retinal degeneration in the KO retina, consisting of thinning of the ONL which follows a
relatively slow and steady pace until 17 months of age when it accelerates dramatically to result
in barely a single row of photoreceptor nuclei left by 20 months of age. No difference in the
severity of degeneration is observed between the superior and inferior retina.
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Figure 5.
Apoptosis in normal and KO retinas at different ages. A. Immunofluorescence (Alexa Fluor
488) of TUNEL-positive photoreceptor cells (arrows) is shown in 20 months old KO retina
(left) with corresponding phase image (right). Most of the photoreceptors in the outer nuclear
layer is degenerated except for 1–2 rows of nuclei. GC, ganglion cell layer; IPL, inner plexiform
layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. B. A
graph of number of TUNEL-positive apoptotic cells in KO and normal (N) (sibling) retinas at
different ages is shown. Each point represents the average number of TUNEL-positive
photoreceptors present in a microscopic section (vertical meridian) spanning the whole retina
from three normal or homozygous KO mice of specified age. An increase in number of
apoptotic cells is seen in the KO retina compared to normal as early as 6 months. An abrupt
increase in apoptosis is seen in the KO retinas at 17–20 months, consistent with the acceleration
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of the retinal degeneration after 17 months demonstrated by the morphometric analysis. Error
bars = standard error of means. The differences in the number of apoptotic cells between the
normal and KO retinas were statistically significant (p<0.05) by the Student's t-test for all ages
except 10 months.
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Figure 6.
Histopathology of the KO retina. H&E stained sections of retinas from normal (N) and
homozygous KO mice at 6, 10, 13, 17, 20, and 26 months of age are shown. Progressive retinal
degeneration is evident with gradual thinning of the outer nuclear layer containing the
photoreceptors until 17 months of age when there is an acceleration of the degeneration,
resulting in virtual disappearance of the photoreceptors by 20 and 26 months of age. The
thickness of the inner nuclear layer does not appear to decrease much in the KO retina over
time until the terminal stage at 26 months. The architecture of the outer nuclear layer appears
to be maintained while it undergoes thinning in the KO retina. The histopathologic time course
of retinal degeneration in the KO retina is consistent with the time course of changes seen in
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the funduscopic, morphometric, and apoptosis analyses. GC, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear
layer; IS, inner segments; OS, outer segments. Scale bar in 6m N = 10 micrometer.
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Figure 7.
ERG study of KO and control mice. The ERG of 14-month-old KO, 15-month-old KO (2 mice
of each age), and control mice (one of each age) are shown with retinal morphology of the
same mice. Abnormal ERG characterized by a reduction in both a- and b-wave at high light
intensity is shown for the KO mice which worsens with age and correlates with the thinning
of the photoreceptor layer (ONL). The ONL of the 14-month-old and 15-month-old KO is
thinned to 5–8 rows and 3–5 rows of nuclei, respectively, compared to 10–12 rows for the
normal control. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer;
OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segments; OS, outer segments.
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Figure 8.
Western blot analysis of synaptic proteins in the KO and control retina. The protein levels of
synaptotagmin, synaptogyrin, and syntaxin in the KO and normal control retinas at 3, 6, 10,
and 20 months of age are shown. The levels of proteins were obtained by western blot analysis
of total retinal proteins with the corresponding antibodies (duplicates), quantitated by
densitometry of the ECL bands, and normalized to the average level of 3 months normal control
as 1 for each protein. The error bars are standard error of means. There was no statistically
significant difference between the KO and control for any of the tested age and protein.
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